ABSTRACT: Accessory sperm number and its relationship to fertilization and embryo quality was evaluated in cattle after nonsurgical recovery of ova or embryos 6 d after insemination. Efforts to alter accessory sperm number per ovum included 1) blockage of retrograde sperm loss at insemination using a modified insemination device, 2) elevated sperm number per inseminate (40 x lo6 vs 20 x 1061, and 3) alteration in semen quality (percentage of viable and morphologically normal sperm in the inseminate). None of these efforts affected accessory sperm number per o v u m or embryo. However, blockage of retrograde semen flow for 3 h or use of semen of below-average quality (decreased percentage of viable and morphologically normal sperm) resulted in significant decreases in number of viable embryos and increases in number of degenerate embryos and unfertilized ova compared with conventional inKey Words: Accessory Spermatozoa, Semen semination (P < .03) and use of semen with an average percentage of viable and morphologically normal sperm ( P e .06). Number of accessory sperm per embryo or ovum was positively related to fertilization and embryo quality (P e .05). Mean accessory sperm f SD and the median value (in parentheses) for unfertilized ova, degenerate embryos, and embryos classified fair to poor and excellent to good were, respectively, .3 rt .8 (01, 5.4
Introduction
After sperm entry into the vitellus of the ovum, a reaction in the zona pellucida results in failure of additional sperm to continue zona penetration (Austin and Braden, 1956 Surgical prevention of retrograde sperm loss in swine resulted in increased accessory sperm numbers and fertility Bursel, 1982) . In view of the potential importance of accessory sperm to reproductive efficiency in cattle, these experiments were undertaken to determine the effect of physical blockage of retrograde sperm loss, sperm dosage, and semen quality on accessory sperm numbers per embryo/ovum. Simultaneously, it was also possible to evaluate the relationship of these same factors to fertilization status of the ovum and embryo quality as well as to determine further the relationship of accessory sperm number to fertilization status and embryo quality.
Materials and Methods
Animals. Individual animals were selected at random from a herd of 60 Holstein cows ranging from 3 to 8 yr of age. Cows were observed for signs of estrus twice daily (early morning and evening) and considered to be in estrus if they stood to allow mounting by a herdmate. At first observation of an estrus that occurred within 18 to 24 d of the previous estrus, cows were randomly assigned to a treatment and artificially inseminated approximately 12 h later. Regardless of treatment, target site of insemination was the uterine body.
Retrograde Sperm Blockage Device. An insemination device was designed to temporarily block retrograde flow of semen after its deposition in the uterine body. The device consisted of a standard .5-mL French insemination gun (IMV, l'Aigle, France) encased in a modified 24-gauge Foley catheter. The catheter was modified by removing the tip 5 mm from the inflatable cuff. The cut end was beveled toward the cuff to aid in cervical passage. The apparatus was assembled by sliding the modified catheter over the shaft of the loaded insemination rod until the tip of the disposable sheath extended approximately 3 to 4 mm beyond the beveled end of the Foley catheter (Figure 1 ). The device was tested on several excised tracts to assure blockage of the internal cervical os while still permitting deposition of semen into the uterine body. Effective blockage by the device against retrograde flow was based on the lack of visible inseminate leakage past the cuff (through the cenrix and into the vaginal after manual pressure was applied to the uterine horns.
Insemination was carried out using the rectovaginal technique. After passage of the catheter tip into the uterine body, the block was accomplished by inflating the cuff using 8 cm3 of air. Before semen deposition, the insemination device was pulled posteriorly, lodging the cuff against the internal cervical os. Immediately after semen deposition and while maintaining position of the insemination device, the shaft of the device extending from the cow was cleaned and dried in the area of the vulva and a 30-cm section of plastic tubing was securely taped to the shaft on a perpendicular axis at the vulva such that when the breeding device was released, the cuff would be held, by tension, snug against the internal cervical os. The tail of the animal was tied to the neck chain to restrict movement that could result in disruption or displacement of the device while the block was in place.
Semen.
A l l inseminations were conducted with cryopreserved semen (egg yolk-citrate-glycerol extender), packaged in .5-mL French straws that had been stored in liquid nitrogen. Before insemination or laboratory evaluation, straws were thawed by plunging in 35°C water for 45 s. Semen used in all experiments was evaluated postthaw after pooling the contents of three straws into a 1.5-mL vial (polypropylene disposable vials, No. 72.690, Sarstedt, Princeton, NJ) placed in a dry-bath incubator at 37OC. Semen smears from coded samples were prepared and observed at 100 x using a phase-contrast microscope equipped with an air curtain set at 37OC for subjective evaluation of progressive sperm motility. A l l evaluations were conducted by the same person. Motility estimates were recorded to the nearest 10% immediately after thaw (0 h) and again after 3 h of incubation. Each estimate was made after viewing several fields of two separate smears. Inability to estimate motility to the nearest 10% from the two smears resulted in the evaluation of two additional smears. After each motility estimate the slide was transferred to the stage of a differential interference contrast microscope and observed at 1,250 x magnification for evaluation of acrosomal ina .. tegrity based on the presence of the apical ridge (Saacke and Marshall, 1968) . The percentage of intact acrosomes was the average of two differential counts of 100 cells from each of two smears. A discrepancy of greater than 10% between counts resulted in evaluation of a second pair of smears. Proportion of morphologically abnormal sperm in the experimental semen was determined by differential count of 300 cells using the differential interference contrast microscope at 1,250 x magnification.
Embryo Recovery, Fertilization Status, and Embryo Quality Evaluation. The embryos or ova were recovered using standard nonsurgical uterine flushing techniques 6 d after insemination. The anticipated stage of normal embryo development was late morula to early blastocyst. Quality of viable embryos was based on the classification of Lindner and Wright (1983) . This evaluation considered compactness and homogeneity of the cell mass and resulted in the designations excellent, good, fair, or poor. An unfertilized ovum (UFO) was designated when there was no sign of cleavage or when two to six possible blastomeres or fragments failed to reveal nuclei when examined in smears at 400 x under phase contrast optics. Embryos that had blastomeres with nuclei but were too underdeveloped or retarded to be considered viable embryos under the classification of Lindner and Wright (1983) were designated as degenerate.
Acquisition and Evaluation of Accessory Sperm.
The zona pellucida of each embryo or o v u m was partially digested at 37°C in a hanging drop slide containing 3 fi of PBS with .5% Pronase (Behring Diagnostics, L a Jolla, CAI. Before preparation, the edge of the coverslip was coated with a light smear of petroleum jelly to prevent evaporation during digestion. Zona digestion was monitored at approximately 2-min intervals using phase contrast optics (400 x) and was considered to be ready for smearing when the zona became poorly delineated or irregular in appearance (4 to 10 min). At this time the cover slip with the embryo or ovum was removed from the hanging drop slide and lowered onto a siliconized slide containing a 5-yL drop of PBS. This process was viewed using a stereomicroscope (10 XI. The drop with the ovum was permitted to contact the drop on the siliconized slide. The coverslip was then released, gently flattening the zona pellucida and extruding the blastomeres or vitellus. The area containing the flattened zona was denoted with a water proof marker to aid in later relocation using phase contrast or differential interference contrast microscopy. Using either of these optics at 400 x magnification, accessory sperm number was obtained by direct count.
Experiment 2. In this experiment, insemination using the sperm blockage device was compared with a conventional (control) insemination method L 5 -d French inseminating gun without the modified Foley catheter). Cows inseminated with the blocking device were restrained in standing position for 1 h after insemination with the block in place. Control cows were also restrained in a standing position for 1 h after insemination. Semen used in this experiment was from a pool of two ejaculates taken in succession from one bull. Straws contained 20 x 106 sperm with a 40% estimated motility (postthaw) and 90% morphologically normal cells.
Experiment 2. Based on the potentially positive influence of the blocking device found in Exp. 1, Exp. 2 was arranged as a 2 x 2 factorial arrangement using two insemination dosages (20 x lo6 or 40 x lo6 cells per dose) and control or sperm blockage after insemination. Because the variance in accessory sperm numbers among embryos/ova was large and proportional to the mean in Exp. 1, lower quality semen was used in Exp. 2 to reduce the mean and associated variance in accessory sperm numbers per ovum. It was hoped that the use of accessory sperm as an approach to evaluate insemination methods would be aided by lower mean values and associated variances. Specifically, semen used in this experiment was pooled from four bulls and possessed a 30% estimated motility postthaw and 61% morphologically normal sperm. Because the major portion of sperm loss due to retrograde flow occurs over a 6-h period (Mitchell et al., 1985) and cows seemed quite content after 1 h of restraint with the blocking device in place aBlock in place for 3 h postinsemination.
(Exp. 11, the blocking device was allowed to remain in place for 3 h in this experiment and, therefore, restraint time for both treated and control cows was also extended to 3 h. Each . 5 -d straw contained 40 x lo6 sperm.
Semen for the low dose (20 x lo6) was prepared by diluting the contents of a straw containing 40 x lo6 cells with an equal volume of extender. This extender was frozen the same day and from the same batch used to extend and freeze the semen initially. Dilution was carried out in 1.5-mL vials at 35OC. After it was diluted, the semen was reloaded into .5-mL French straws. To keep semen handling procedures the same for both dosages, semen for the high dose (40 x lo6) was also extruded into 1.5-mL vials and then reloaded into .5-mL French straws without dilution.
Experiment 3. The effects of semen quality on accessory sperm numbers, fertilization status, and embryo quality were evaluated. All cows were bred conventionally with 40 x lo6 cells of either average or below-average quality semen. The below-average semen was the same as that used in Exp. 2 (30% postthaw motility, 61% normal sperm). The average semen was from pooled ejaculates of three bulls and was characterized by 40% motile cells postthaw and 81% morphologically normal sperm. More specific traits are presented in the Results section.
Statistical Analysis. Accessory sperm data were first transformed by the equation (Loglo (x + 11, where x is the direct count of accessory sperm.
This step was performed to normalize the large and highly skewed variance in accessory sperm numbers per ovum, thus decreasing the effects of extreme outliers within the population. Regression Diagnostic Influence (SAS, 19851 was used to detect statistical outliers. Observations with Rstudent values > 3.5 were determined, a priori, as statistical outliers (no statistical outliers were identified using this system). Transformed accessory sperm data were analyzed for differences due to treatment and(or1 fertilization status and embryo quality using the GLM procedure and Fisher's lsd test. Due to the subjective nature of judging embryo quality and, to a lesser extent, fertilization status vs degenerate embryos, embryos/ova were grouped accordingly for analysis regarding the relationship of accessory sperm number or treatment affects and fertilization statudembryo quality: unfertilized ova, degenerate embryos, fair to poor embryos, and good to excellent embryos. Chisquare contingency tables were used to detect changes in fertilization status/embryo quality distribution in response to various treatments and in association with varying accessory sperm number. To more precisely establish the impact of a treatment on reproductive efficiency, viable embryos classified as excellent to poor were con trasted with degenerate embryos and unfertilized ova, collectively . Status, and Embryo @ality. Sensitivity in evaluation of sperm blockage by measuring accessory sperm was intended to be increased in this experiment by using lower quality semen.
Eighty-one embryodova were recovered from cows of the four treatment groups. Effects of the sperm blockage device and sperm dosage on accessory sperm traits and fertilization rate are presented in Table 2 . Despite achievement of the expected decrease in the mean and variation of accessory sperm numbers in this experiment rela tive to Exp. 1, there was still no effect of retrograde blockage or semen dose, nor was there an interaction between these effects on any of the accessory sperm traits measured. Pooling data on sperm dosage did not result in significant effects due to blockage. The mean number of accessory sperm per embryo/ovum for blocked (n = 38) and control (n = 43) inseminations was 7.8 ~t 2.4 and 9.5 f 3.6, respectively. Similarly, effects due to dosage on accessory sperm were not significant when blockage data were pooled. The mean number of accessory sperm per embryo/ovum was 9.9 f 2.8 (n = 39) and 7.7 f 3.5 (n = 42) for the high and low dose, respectively.
Blockage of the insemination did influence the fertilization statudembryo quality (Figure 2) . Compared to conventional insemination, the 3-h blockage caused a shift away from the viable embryos (excellent/good and fair/poor) toward degenerate embryos and unfertilized ova (P < .03). There was no such shift in the embryo quality or fertilization status due to semen dosage.
Experiment 3. Effects of Semen Quality on Accessory Sperm and Fertilization Status/Embryo Quality.
The viability and morphological characteristics of the semen used in this experiment are presented in Table 3 . The effects of semen quality, as represented in these two samples (average vs below average), had no significant effect on any of the accessory sperm traits (Table 4) . However, there was an improved fertilization status/embryo quality using the average-quality semen (Figure 3) . When viable embryos (excellent/good and fair/ poor) were contrasted collectively with degenerate embryos plus unfertilized ova, the below-average semen was inferior (P < .06). Cows inseminated with average-quality semen yielded 21% more excellent to good embryos and 27% fewer degener- Figure 4 . Across experiments such as these, with differences in semen quality, sperm dosage, and insemination method, the distribution was highly skewed. The range was 0 to 171 sperm per embryo/ovum with a mean of 11.2, SD of 24.4, median of 2.0, and mode of 0. For fertilized ova only, the mean, SD, median, and mode for accessory sperm per embryo were 14.7, 27.1, 4.0, and 0, respectively.
The distribution of accessory sperm by fertilization status and embryo quality for all three experiments is summarized in Table 5 . For each of excellent-good fair-poor degenerate unfertilized
FERTILIZATION STATUS/ EMBRYO QUALITY
the experiments, unfertilized ova were usually without accessory sperm, being significantly lower in accessory sperm than all embryos. Surprisingly, degenerate embryos were intermediate in numbers of accessory sperm to the unfertilized ova and the viable embryos (P < .05). Mean accessory sperm did not differ between the excellent/good vs the fair/poor embryos; however, the median values indicate that excellent to good embryos may tend to have more sperm per embryo than those rated fair to poor in quality.
Discussion
Based on the results of Exp. 1 and 2, neither blockage of retrograde flow of sperm at insemination nor doubling the dosage from 20 x lo6 to 40 x lo6 sperm per inseminate increased the accessory sperm number per embryo/ovum or the proportion of ova with accessory sperm. Whether or not sperm retention was actually improved in vivo by the blocking procedure used is unknown. It is possible that retention was increased but transport of sperm to the site of fertilization was not, or that the ability of the retained sperm to fertilize was not favored by the blockage technique. Hawk and Conley (1971) increased sperm retention by ligating ewe tracts at the vulvo-vaginal junction after insemination but found fewer sperm in the oviducts of ligated tracts compared with unligated controls.
The sperm dosage levels of 20 x lo6 and 40 x lo6 studied in Exp. 2 were specifically selected because they encompass the range in dosage used currently in AI with frozen semen. On this basis, it was surprising to find that dosage did not significantly affect accessory sperm number, particularly considering the marginality of the semen used in Exp. 2. The variation associated with accessory sperm (SD being approximately twice the mead may simply require that many more observations would be necessary to reveal a difference.
In Exp. 2, the blockage treatment increased the proportion of unfertilized ova and degenerate embryos in relation to embryos rated excellent to poor (Figure 2 ). An explanation for this effect is not apparent; however, the fact that no such relationship was found in Exp. 1, in which the blockage device remained in place for 1 h, suggests that the 3-h emplacement of the device in Exp. 2 may have created conditions leading to the negative effect of the blockage treatment. It is possible that the Foley catheter used to block retrograde insemina tion could have caused an irritation or reaction at the endometrium or internal cervical os that extended to conditions in the oviduct at or near fertilization.
For Holstein bulls, the quality of the two samples studied (Exp. 3) would probably be considered average and distinctly below average, thus the use of these terms in presenting the data. Although the two levels of semen quality studied did not differ in accessory sperm number per embryo/ovum achieved, it was clear that reproductive efficiency was reduced by the belowaverage semen. This semen resulted in a significant reduction (P < .06) in the excellent to poor embryos (viable) and an increase in degenerate embryos and unfertilized ova relative to that achieved with the average semen (Figure 3) . The difference between the two samples studied was predominantly in proportion of abnormal sperm (Table 31 , the "below average" quality having nearly twice as many abnormal sperm as the "average" quality in each of the general categories (abnormal heads, abnormal tails, and protoplasmic droplets). Differences between the two Samples in motility and acrosomal integrity were 10% and approximately 2O%, respectively. In view of the small difference in semen viability (motility and acrosomal integrity) and use of a relatively high dosage of sperm in this experiment (40 x lo8 sperm per insemination), perhaps it should not be surprising that accessory sperm number did not respond to semen quality. On this basis, it can also be assumed that sperm transport in the female or access of sperm to the ovum was not different for the two levels of semen quality used. This allows for only the possibility that the difference between the sperm of the two samples was their competence at the site of fertilization (i.e., their competence to complete the fertilization process once initiated or to sustain embryonic development).
Male-related causes of very early embryonic death have been most recently reported by those observing differential ability to sustain embryonic development among males used for in vitro fertilization (Eyestone and First, 1989; Shi et al., 19901. In addition, reports of male effects on embryonic quality have been reported after nonsurgical recovery of embryos from superovulated cattle (Miller et al., 1982; Coleman et al., 1987) . The relationship of these observations to semen quality has not been studied. Only Miller et al. (1982) have reported a relationship between transferrable embryos and vacuolated sperm in the semen of a single sire. Further work needs to be done to determine the traits of sperm or semen that result in the incompetence suggested by this experiment and the reports from in vitro fertilization and embryo transfer research cited above.
The positive relationship of accessory sperm number to fertility in cattle was first suggested by Wilmut and Hunter (1984) . As is apparent in Table   5 , unfertilized ova are basically devoid of accessory sperm. This is in agreement with previous observations (Hawk and Tanabe, 1986; Saacke et al., 1988) and is the most apparent basis for the association between accessory sperm and fertilization rate as initially suggested by Wilmut and Hunter, (1984) . The reason for this lack of sperm is not clear. One possibility is simply lack of sperm at the site of fertilization. If true, this concept would permit sperm transport to be monitored by accessory sperm number. Another possibility affecting accessory sperm number is the nature of the zona pellucida itself or factors involved in the hardening of this structure. Differences among ova in hardening or penetrability of the zona could markedly influence number of accessory sperm independent of sperm numbers at the site of fertilization. A final factor is differences among ova in rate of the zona reaction after penetration of the fertilizing sperm. The slower the reaction, the more accessory sperm.
Surprisingly, degenerate ova were intermediate in numbers of accessory sperm when judged against unfertilized ova and viable embryos (rated excellent to poor). For all embryodova recovered in the three experiments, despite the lack of any treatment effect on numbers of accessory sperm, degenerate embryos had a median of 1.0 accessory sperm compared to 0 , 3.5, and 5 for unfertilized ova, fair to poor embryos, and excellent to good embryos, respectively. Assuming that abnormally shaped sperm cannot complete fertilization or sustain an embryo as well as normal sperm, an hypothesis for this phenomenon could be offered based on studies showing that abnormally shaped sperm capable of reaching the ovum can bind to and penetrate the o v u m but do so less efficiently than normal sperm (Krzanowska and Lorenc, 1983 ; Kot and Handel, 1987; Marsh et al., 19871. Thus, large numbers of sperm simultaneously competing for fertilization would provide a greater chance that the fertilizing sperm would be normal and a low number of competing sperm would enhance chances of fertilization by an abnormal sperm. An assumption in this concept, requiring proof, is that abnormally shaped sperm are incompetent in fertilization or in sustaining the embryo. Although increased morphological abnormalities in semen have been associated with reduced fertility, the fertilizing ability of individual sperm with specific anomalies is unknown.
Implications
These studies have demonstrated that in normally cycling cows the numbers of accessory sperm were positively associated with fertilization status and embryo quality. When evaluated 6 d postinsemination, unfertilized ova were usually void of accessory sperm and degenerate embryos were intermediate in number of accessory sperm to unfertilized ova and viable embryos. Because of this relationship, accessory sperm could become a valuable monitor of female and male factors that affect reproductive performance. This would be the case particularly when it is important to separate fertilization failure from very early embryonic loss.
